Purpose : To evaluate the relationship between the speed of enhancement of hepatic hemangiomas on gadoliniumenhanced MRI and ADC values by using various parameters, including the D, f, D* and ADC fit on intravoxel incoherent motion (IVIM) MR Imaging.
Hemangiomas are the most common benign hepatic tumor and they occur in 5% to 20% of the general population (1) . Because of the high prevalence of hemangiomas in the general population, differentiation between hemangiomas and other hepatic lesions is important. With advances in hardware and coil systems, diffusion-weighted MR imaging can be applied to liver imaging. Diffusion-weighted imaging (DWI) can help detect and characterize focal hepatic lesions by measuring a lesion's apparent diffusion coefficient (ADC) (2) (3) (4) (5) (6) .
Hepatic hemangiomas usually show a greater degree of signal attenuation on DWI with higher b thus higher ADC values (7) . However, hepatic hemangiomas show various degrees of ADC values, which make it difficult to distinguish hepatic hemangiomas from other hepatic tumors (2) (3) (4) . The enhancement pattern of hemangiomas may affect the ADC values, since these values can depend on blood flow, perfusion, and/or diffusion within the hemangiomas (8) (9) (10) . However, there are only a few studies examining the relationship between ADC values and the type or speed of enhancement of hepatic hemangiomas (8, 11) .
Intravoxel incoherent motion (IVIM) MR imaging is a method to quantitatively assess the microscopic translational motions that occur in each image voxel on MR imaging (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Both pure molecular diffusion (D) and microcirculation-related diffusion, called pseudo diffusion (D*), or blood flow fraction (f) can be distinguished by using IVIM MR imaging (14) . IVIM MR imaging may increase our understanding of enhancement of hemangiomas by analyzing several parameters on IVIM MR imaging, including D, f, D*, and ADC. There have been no studies on the relationship between IVIM MR imaging and the speed of enhancement in hepatic hemangiomas.
Therefore, the purpose of our study was to evaluate the relationship between the speed of enhancement of hepatic hemangiomas on gadolinium-enhanced MRI and diffusion and perfusion parameters obtained from multi b-value DWI data.
Patients
Our institutional review board approved this retrospective study and they waived informed patient consent. We performed a review of the clinical records of the abdominal MR imaging examinations that demonstrated the presence of hepatic hemangiomas and were performed from January 2009 through January 2013. Inclusion criteria were radiological and clinical confirmation of the nature of the lesions, the presence of a focal hepatic lesion with a size of ≥ 10 mm, and the availability of both the T2-weighted images and the multi b-value DWI data. A total of 47 hepatic hemangiomas were diagnosed in 39 patients (20 men and 19 women). The mean age of the 39 selected patients was 50 years (range: 26-75 years). The diagnosis of hemangiomas was established with the classical contrast enhancement pattern seen on MR and/or CT with no change in the size of the lesions for six months or more on serial CT (11) . The longest diameter of the hepatic hemangiomas was measured by one radiologist (D. M. Y.). The diameter of the lesions ranged from 1 cm to 4.6 cm (mean: 1.7 cm).
MR imaging techniques
MR imaging was performed with a 1.5-Tesla system (Achieva; Philips Medical Systems, Best, Netherlands) with a six-channel sensitivity-encoding (SENSE) torso coil. All patients were initially examined with a routine MRI protocol of the upper abdomen, which included T2-weighted images, in-and opposed-phase T1-weighted images, multi b-value DWI images, and multi-phase contrast-enhanced three-dimensional (3D) T1-weighted images.
For the T2-weighted images, breath-hold, fat suppressed fast spin-echo (FSE) MR imaging was performed with the following parameters: repetition time (TR)/echo time (TE): 441/90 ms, matrix: 256 × 183, field of view (FOV): 36 × 28 cm, acquisition of two signals, and section thickness: 6 mm with a 1 mm section gap. For the in-and opposed-phase T1-weighted images, dual-echo fast field-echo (FFE) MR imaging was performed with the following parameters: 187/2.3 ms (opposed-phase), 4.6 ms (in-phase), flip For the multi-phase contrast-enhanced 3D T1-weighted images, a spoiled gradient-echo sequence (THRIVE) was run before and after injection of gadopentetate dimeglumine (Magnevist, Schering, Berlin, Germany) at a dose of 0.1 mmol per kilogram of body weight followed by a 20 ml saline flush with a power injector. The arterial, portal, and delayed phase images were obtained at 10 seconds, 40 seconds and 2 minutes after contrast media arrival at thoraic aorta on real time MR imaging fluoroscopic monitoring. The acquisition parameters were as follows: 4.8/2.4 ms, flip angle: 15� , matrix: 352 × 256, field of view: 36 × 28 cm, acquisition of two signals, and section thickness: 6 mm without the section gap.
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Image and Data Analyses
Two experienced radiologists (H.C.K and S.W.K.) retrospectively reviewed the MR images from a picture archiving and communications system (PACS). They each had more than 10 years experience in the practice and interpretation of liver MR and worked in consensus on the study images.
The hemangiomas were classified into three types according to the enhancement speed of the hepatic hemangiomas on gadolinium-enhanced multi-phase T1-weighted images, which was determined by the enhancing tumor volume of the portal phase images: Type A included hemangiomas with rapid enhancement (the enhancing area of the mass was more than 75% of the total volume of the mass), Type B included hemangiomas with intermediate enhancement (the enhancing area of the mass was between 25% and 75%), and Type C hemangiomas had slow enhancement (the enhancing area of the mass was less than 25%).
The multi b-value DWI data were analyzed by a volumetric region-of-interest (ROI) method. One radiologist (D.M.Y.) drew a 3D ROI area of each hemangioma using MRIcro software (http://www. cabiatl.com/micro/) to obtain the DWI signal intensity (SI) of each lesion. ROIs were traced manually as large as possible of each hemangiomas.
In this study, three different methods were used to obtain diffusion or flow-related parameters.
First, flow and the true and pseudo diffusion coefficients were estimated using the following equation on the basis of the IVIM theory: where ADC fit is the ADC value obtained from the exponential fitting of DWI signal intensities and is calculated by using linear regression analysis with the natural logarithm of the intensity and the variable b from the four images. The ADC is expressed as mm 2 /sec. The ADC fit value should be much more accurate than the ADC value obtained from only the two b-values, which is shown in the following sentence.
Third, the ADC value for each b factor was calculated by using the following equation.
ADC b = In(SI 0 /SI b )/ b [3] , where SI 0 is the signal intensity in each ROI without a diffusion gradient (b = 0) and SI b is the DWI signal intensity in the ROI with the diffusion factor b (i.e., 50, 200, 500, and 800 sec/mm 2 ). The ADC is expressed as mm 2 Table 2 . The number of the hepatic hemangiomas was 14 for type A, 15 for type B and 18 for type C. There was no significant difference in lesion size among the three types of hemangiomas (p > 0.05).
Based on the first analysis method, the D values of type C hemangiomas were significantly lower than those of type A hemangiomas (p = 0.0085) (Figs. 1-4) . However, the D values were not significantly different between types A and B and between types B and C (p > 0.016). We found a negative correlation between enhancement type of hepatic hemangiomas and D value (ρ= -0.401, P = 0.005). Therefore, D values were decreased with decreasing enhancement speed. Although the difference in D* values was not statistically significant among the three groups (P > 0.016), D* values also decreased with decreasing enhancement speed. There were not significant differences in f among the three types of hemangioma. No correlation was found between hepatic hemangioma enhancement type and D* (ρ= -0.222, P = 0.133) and f (ρ= -0.230, P = 0.121).
Based on the second analysis method, the ADC fit of the slowly enhancing hemangiomas (type C) were significantly lower than those of the rapidly enhancing hemangiomas (type A) and intermediately enhancing hemangiomas (type B) (P < 0.016) (Figs. 1-4) . We found a negative correlation between hepatic hemangioma enhancement type and ADC fit (ρ= -0.479, P = 0.001). ADC fit values decreased with decreasing the speed of enhancement.
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Based on the third analysis method, the ADC values of type C hemangiomas were significantly lower than those of type A (P < 0.016) for ADC 50 , ADC 200 , ADC 500 , and ADC 800 . For only the b values with 800 sec/mm 2 , the ADC 800 values of type C hemangiomas were significantly lower than those of type B hemangiomas (P = 0.0021). However, no significant difference was observed between types A and B and types B and C with other b-values (P > 0.016). We found a negative correlation between hepatic hemangioma enhancement type and ADC 50 (ρ= -0.357, P = 0.014), ADC 200 (ρ= -0.537, P = 0.0001), ADC 500 (ρ= -0.614, P = 0.0001), and ADC 800 (ρ= -0.607, P = 0.0001). Therefore, four ADC values of ADC 50 , ADC 200 , ADC 500 , and ADC 800 were decreased with decreasing enhancement speed.
In this study we obtained multiple DWI data obtained using five different diffusion-weighting factors to test whether the difference in ADC values according to enhancement pattern depended on the cellularity of hemangiomas. We found that diffusion coefficients decreased with decreasing enhancement speed, but not flow. Therefore, difference in ADC values according to the speed of enhancement of hepatic hemangiomas on gadolinium-enhanced MRI can be related to diffusion rather than flow. Furthermore, we found that DWI with higher b-values was sensitive enough to distinguish hemangiomas with different enhancement patterns. The first main finding of this study was that the difference in ADC values according to hemangioma enhancement speed is related more to the difference in pure molecular diffusion rather than perfusion. Diffusion can distinguish the rapid enhancing hemangiomas (type A) from slow enhancement hemangiomas (type C), but perfusion cannot. The D values were significantly lower in type C hemangiomas compared to type A. However, perfusion related parameters, including f and D*, were not significantly different between the two types of hemangioma. The slowly enhancing hemangiomas (type C) demonstrated a decrement of pure molecular diffusion (D) compared to that of the rapidly enhancing hemangiomas (type A). This result was also supported the ADC fit datum analysis. The ADC fit values were significantly lower in the type C hemangiomas compared to those of type A and B hemangiomas. and C with all b values (50, 200, 500, and 800 sec/mm 2 ). For low b values, the signal decay is due to the effects of both pure molecular diffusion and perfusion. However, for high b values, the perfusion effects make a minimal contribution. In our study, the ADC values between types A and C were different with both low and high b values. In addition, the ADC values between type B and type C were different with high b value (800 sec/mm 2 ). Therefore, the difference in the ADC values according to hemangioma enhancement type is more related to the difference of pure molecular diffusion rather than pseudo diffusion or flow. These results could explain how the difference in ADC values between type C and type A is related to pure molecular diffusion rather than perfusion.
The second main finding of this study was that DWI with higher b-values was sensitive enough to distinguish hemangiomas with intermediate enhancement from those with slow enhancement. There was a statistically significant difference in ADC values between types B and C with a high b value (800 sec/mm 2 ), but we could not differentiate the two types with low bvalues (50, 200, 500). With a very high b-value, DWI datum can display slow diffusion alternations. Therefore, it should be important to use DWI with a high b-value, because at a low b value the signal intensity is dominated by fast diffusion, whereas at a high b value, the signal intensity is governed predominantly by slow diffusion.
Hepatic hemangiomas consist of cavernous vascular spaces that allow diffusion of water molecules through intervening connective tissue septa. The lower ADC values in the slowly enhancing hemangiomas may be related to two conditions. First, slowly enhancing hemangiomas may have more narrow cavernous spaces, which have abundant and thick irregular intervening septa that could facilitate low molecular diffusion. Second, the presence of scar tissues within the slow enhancing hemangioma may cause decreased molecular diffusion secondary to fibrotic changes. Yu et al asserted that no or minimal enhancement of the hemangioma may be due to degenerative changes, including organizing thrombus, hemorrhage or fibrotic scar (23) . In addition, Yamashita et al described that the diffusion of the contrast material is very slow or absent in hemangiomas with scar tissue (24) .
A previous study determined that the ADC values of the hepatic hemangiomas varied according to the enhancement type, as determined by gadoliniumenhanced MRI (8) . The hemangiomas with early enhancement had higher ADC values compared to those with peripheral nodular enhancement and delayed enhancement (8) . Another study demonstrated that a higher speed of blood flow in the cavernous spaces of hepatic hemangiomas contributed significantly to the relatively higher ADCs (11) . Those two results are in good agreement with what we found in this study, but our interpretations differed. The authors of the previous studies (8, 11) proposed that the ADCs of hepatic hemangiomas were directly affected by the degree of intralesional perfusion rather than diffusion. The previous study only used two b values (0 and 500 sec/mm 2 ) and their result cannot explain whether the difference of ADC values in the enhancement types is due to pure molecular diffusion or flow (8) . However, the result of this study demonstrated that decreased signal intensities depended on diffusion because ADC 50 , ADC 200 , and ADC 500 were significantly different between the types A and C, but ADC 800 was only significantly different than types B and C. The ADC values of the hemangiomas can combine both pure molecular diffusion and capillary perfusion when DWI data are acquired with a relatively low b-value (13) . Thus, these results should be further investigated with very high b values and a large sample of hemangiomas. We assume that using a very high b value might enhance the difference in ADC values in the enhancement types of the hepatic hemangiomas. Therefore, further studies with much higher b-value, such as 2,000 sec/mm 2 should be performed to confirm our results.
This study has several limitations. First, the patient population was small and the study design was retrospective. Therefore, a prospective study with a large sample size should be performed. Second, we used only five b values (0, 50, 200, 500 and 800 sec/mm 2 ) for IVIM MR imaging in this study, and therefore it may be difficult to accurately characterize biexponential signal attenuations. Although there is no consensus as of yet regarding the number of b values that should be used for clinical measurements, a large number of b values may provide more data support for measuring parameters (21) . However, it is not clinically feasible to obtain a large number of b values, because this requires very long measurement times. Third, the reproducibility measurement for ROI of smaller hemangiomas may be another limitation. Finally, although it is generally accepted that obtaining typical imaging findings at two or more imaging examinations is sufficient for diagnosing hemangioma, all of our cases were not pathologically confirmed. Therefore, we could not perform pathologic correlation. To strengthen our results, further studies with larger sample sizes, using multiple b values, and with pathologic correlation are needed.
In summary, hepatic hemangiomas had variable ADCs on DWI according to the enhancement patterns as determined by gadolinium-enhanced MRI. The lower ADC values in slowly enhancing hemangiomas may be related to reduced pure molecular diffusion, which is represented by decreased D values. The slowly enhancing hemangiomas show low ADCs and D, which may overlap with those of malignant tumors, such as hepatocellular carcinomas, intrahepatic massforming cholangiocarcinomas and metastases.
In conclusion, the IVIM MR imaging is useful in discerning the reason for differences in ADC values between hepatic hemangiomas with different enhancement types.
